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In the bulk, block copolymers (BCPs) self assemble into ordered
morphologies, having spherical, cylindrical, lamellar, or bicon-
tinuous gyroid microdomains, where the molecular weight of the
BCP dictates the sizes of the microdomains formed. In thin films,
controlling the orientation and lateral ordering of the micro-
domains has enabled the use of these morphologies as templates
and scaffolds for the fabrication of nanostructured materials.
Thin films of BCPs have been used as templates to fabricate
quantum dots,[1] nanowires,[2–4] magnetic storage media,[5]

nanopores,[6,7] and silicon capacitors.[8] For applications where
addressability is desired it is mandatory to control both the
orientation and lateral ordering of the microdomains. Numerous
methods have been developed to control the orientation and
lateral ordering, including the use of electric,[9] shear,[10]

thermal,[11] and solvent fields,[12–14] as well as, zone casting,[15]

controlled interfacial interactions,[16] surface topography,[17–19]

and chemical patterning.[20–23] Both linear[16] and complex 2D
topographical features have been used to orient the BCP domains.
Chemical patterning is particularly appealing, since it can provide
a contrast in the interfacial interactions without topographic
features. Initial studies of templated BCP films using chemical
patterns have used linear features. Rockford et al.[20] used Au
stripes on faceted silicon surfaces whereas Kim et al.[22] used
chemical stripes patterned using extremeUV lithography and soft
X-ray oxidation of a phenyl-terminated self-assembled monolayer
(SAM). These studies have shown that the linear patterns can be
used to provide detailed control of the commensuration and
orientation of the lamellar BCP phase. Subsequently, Kim et al.[22]

have shown that similar patterns can also be used to create 1D
arrays of BCP cylinders. In this work, both blocks of the BCP
interact non-favorably with the hydrophobic substrate that
produces an orientation of the BCP microdomains normal to
the surface. More recently, density multiplication using chemical
patterns has been successfully used to develop long-range order
in BCP films.[19,24,25] This method selectively pins single BCP
domains rather than using patterns of parallel lines to create
linear arrays of BCP domains. To date, chemical patterns have not
been used to pin the BCP domains within complex 2D
geometries.

In this work, we demonstrate an approach to direct the
self-assembly of BCPs within complex 2D geometries by using
chemical patterns. The boundaries of the patterns are used to pin
and template the order of the BCP domains, whereas the pattern
geometry is chosen to improve the spatial uniformity of the
domains. The chemical patterns are fabricated using oxidative
nanolithography, where the metal-coated tip of an atomic force
microscopy (AFM) instrument is used to oxidize the terminal
methyl groups of a SAM into carboxylic acid groups. The
chemical contrast between the patterned (polar) and unpatterned
(nonpolar) regions can be used to control the BCP interfacial
interactions, which dictates the orientation of the microdomains.
A particularly attractive feature of this process is that there is no
topography on the surface and only the different chemical
functionalities of the surface guide the BCP ordering. In the
present case, the polymer film would dewet the ultralow-energy
methyl-terminated regions, however the presence of the
surrounding carboxylic acid-terminated regions stabilize the
film from dewetting. Compared to the phenyl-terminated SAM
used by Kim et al.,[26] the methyl-terminated SAMused here has a
much lower surface energy. As such, the polymer films more
strongly dewet the unpatterned methyl regions than the
unpatterned phenyl regions used by Kim et al.[26]

Polished silicon (100) wafers (p doped, resistivity below
100Vcm) with their native oxide layer were coated with a SAM of
octadecyltrichlorosilane (OTS) by immersion in a 5mM solution
of OTS in toluene,[27] This monolayer is composed of well-packed,
fully extended, methyl-terminated hydrocarbon chains, 2.5 nm
thick, as determined by X-ray reflectivity. The 1138 and 1038
contact angle of water, for the respective advancing and receding
directions provides additional support for well-packed layer.[27] In
addition, AFM images show that the surface of the monolayer is
defect-free with negligible roughness.
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Figure 2. a) Height and b) phase images in tapping-mode AFM of
annealed and surface-reconstructed PS-b-PEO on stripe patterns. In the
phase image the bright and dark regions correspond to the PS layer and
PEO microdomains, respectively. c) Height profile of the film measured
along the solid line shown in (a). d) Representation of the alternating
methyl- and carboxylic acid-terminated stripes underlying the film shown in
(a,b). e) Schematic images of the internal structure of the annealed film
covering the chemical patterns.
To carry out the electro-oxidation nanolithography we used an
Agilent 5500 AFM that is contained in a humidity controlled
chamber. A metallic, biased contact-mode AFM tip (MicroMasch,
CSC17) was used to electrochemically oxidize the terminal
methyl groups of the monolayer to carboxylic acid groups under
high-humidity conditions.[28] The resulting chemical patterns
exhibit a very weak height contrast (�0.3 nm) and aremore clearly
imaged by using friction force mode, as shown in Figure 1. The
boundary between patterned and unpatterned regions is not
perfectly sharp. Rather it has a finite width as a result of the
diffusivemotion of the oxidizing species produced in proximity of
the tip apex. The full-width-half-maximum equivalent width, as
measured by AFM in friction mode, is about 10 nm, which is
comparable to the lateral roughness of the center of the boundary
(measured over a length of about one micrometer).

The polymer thin film was prepared using polystyrene-
block-poly(ethylene oxide) (PS-b-PEO)); (Polymer Source) with
an average molecular weight of 26.5 kg mol�1, where the
polystyrene (PS) weight fraction is�0.76 and the polydispersity is
about 1.06. The polymer film with a 25–30 nm thickness,
measured by ellipsometry, was spin-cast onto the patterned
substrate from a 10mgmL�1 dimethyl formamide solution. The
sample was then annealed for around 18 h at 150 8C under high
vacuum. To improve the phase contrast in tapping-mode AFM the
sample was soaked in ethanol for 5min and then purged with dry
nitrogen. This ‘‘reconstruction process’’ selectively dissolves the
poly(ethylene oxide) (PEO) block which exposes more PEO to the
top surface.[29,30]

Representative AFM images of the surface reconstructed
sample are shown in Figure 2 for a polymer film on an OTS
surface patterned with equally spaced, �200-nm-wide, carboxylic
lines in both height (a) and phase-contrast modes (b). The
topography image clearly shows that the polymer film covers both
the patterned and unpatterned regions. The corresponding
cross-sectional profile in (c) shows that the film thickness is not
uniform. On the methyl-terminated regions the film thickness is
Figure 1. AFM friction-mode images of chemical patterns of various
geometries: hexagons (top-left), diamonds (top-right), triangles (bottom-
right), and stripes (bottom-left).
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about 28 nm, which is thicker than the 20 nm thicknessmeasured
on the carboxylic regions. A hexagonal pattern with a lattice
constant of �29 nm is observed in both topography and phase
pictures over the methyl-terminated regions. In contrast, the
carboxylic acid-terminated regions appear featureless. Together
these results suggest that the PEO cylinders stand normal to the
surface on the unpatterned regions, whereas on the patterned
regions the PEO block is pinned to the substrate leaving the PS
block at the free surface with a ‘‘brush-like’’ structure. The latter
results from the attractive interaction between the PEO and
carboxylic acid-terminated regions. The different copolymer
morphologies on the patterned and unpatterned regions are
schematically shown in Figure 2e.

The orientation of the PEO block on the methyl-terminated
surface depends on interfacial interactions and on how the film
thickness differs from its bulk equilibrium period L0�30mm
(discussed below). To quantify the first factor we have measured
the contact angle of micrometer-sized annealed PS and PEO
droplets on an OTS surface by AFM, obtaining 62� 18 and
60� 38, respectively (see the Supporting Information Fig. S1).
This result suggests that the interfacial energies of the two blocks
in contact with the OTS surface are very similar and therefore the
methyl-terminated monolayer acts as a neutral surface for the two
polymer components. Meanwhile, the two blocks share a very
similar value of surface tension, 31.3 and 34.7mNm�1 for PS and
PEO, respectively, at elevated temperature (150 8C) utilized for
annealing, and this interface is also nearly neutral. This neutral
mbH & Co. KGaA, Weinheim 2269
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wetting condition for the two polymer components promotes a
perpendicular orientation of BCP microdomains.[31] In addition
to the neutral wetting condition, the film thickness may also
help promote a perpendicular orientation. This is because
a non-integer number of parallel oriented PEO cylinders is
energetically unfavorable. In the present case the film thickness is
slightly less than the L0. Our results show that chemical
patterning alone, even in the absence of topography, is effective
in controlling the orientation and the spatial ordering of BCP
domains on surfaces that the BCP would otherwise dewet.
Consequently, the orientation of the microdomains normal to the
film surface, in our experiments, results from a situation where
interfacial interactions of the two blocks are equally non-
favorable. The considerations above provide support for the
structural model described in Figure 2e, which is also consistent
with simulations by Kim et al.[26] Direct experimental evidence for
the 3D structure of the films on the methyl-terminated patterns
could be obtained, for example, by imaging cross-sections of the
films with scanning electron microscopy (SEM). Unfortunately,
in our case it is quite difficult to produce cross-sections of the
sample because the patterns cover a very limited portion of the
substrate and, hence, it is difficult to crack the sample exactly in
Figure 3. a) Height (left) and phase (right) tapping-mode AFM images of annealed PS-b-PEO
films on hexagonally shaped, web-like patterns. Phase images of films covering hexagonal (b),
triangular (c), diamond-like (d), and striped (e) methyl-terminated patterns and corresponding
Voronoi diagrams b0–e0).
the middle of the patterns. To overcome these
limitations, we have prepared substrates
patterned with a very large number of
micrometer-sized, circular OTS regions fol-
lowing a procedure detailed in the
Experimental section and schematized in
Figure S3 of the Supporting Information. In
this case, cross-sections of annealed polymer
films covering the circular OTS regions can be
easily obtained by cracking the sample. Images
of the sample cross-sections by SEM reveal
that the cylindrical microdomains on the
OTS-coated regions extend vertically through-
out the film (see Fig. S4 of the Supporting
Information).

An important finding from this study is that
the sharp boundary between the patterned
and nonpatterned regions very effectively
templates the order of the cylindrical micro-
domains. This is demonstrated by Figure 2a
and 2b which show that the PEO microdo-
mains are aligned along the outline of the
stripe pattern. Therefore, the templating action
of the pattern boundary can be used as a
‘‘corral’’ to confine the BCP microdomains
within well-defined patterned regions.

The corral concept is illustrated by Figure 3a
where the methyl-terminated hexagonal pat-
terned regions have been used to laterally
confine the cylindrical microdomains thus
forming defect-free crystals (see Fig. 3b).
All geometries with hexagonal symmetry
(hexagons, triangles, diamonds, and stripes)
were effective to control the orientation of the
microdomain lattice (Fig. 3b–e). To better
visualize the point defects, we applied a
Voronoi diagram, which is constructed by
� 2010 WILEY-VCH Verlag Gmb
drawing the bonds connecting a microdomain with all its
neighbors.[32] The perpendicular bisectors of these bonds
intersect to form polygons. A polygon has a number of sides
equal to the number of nearest neighbors of the microdomain in
the center. While six-fold-coordinated sites are denoted as white
hexagons whereas the five, seven, and eight-fold-coordinated
sites are denoted as dark gray pentagons, black heptagons
and gray octagons, respectively. The Voronoi diagrams in
Figure 3b0–e0 indicate that an almost defect-free array lattice
exists in each of those geometries. The geometries shown in
Figure 3 have dimensions of around 10L0 and similar results were
observed in smaller geometries. To study the extent to which the
pattern size can be increased without introducing a significant
number of defects wemade hexagonal patterns with various sizes
(the longest diagonal in a hexagon) ranging from �500 to
�1500 nm. When the diameter is smaller than 1mm, the pattern
is either defect-free (Fig. 4a and 4a0) or contains only a small
number of defects (Fig. 4b, 4b0, 4c, and 4c0). As the diameter
increases, the number of point defect increases, thereby
destroying the long-range order of the nano-arrays (Fig. 4d,
4d0, 4e, and 4e0). In comparison, a PS–b–PEO thin film deposited
on a silicon wafer and annealed for a similar period of time
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 2268–2272
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Figure 4. Tapping-mode AFM phase images of annealed PS-b-PEO films
on hexagonal, methyl-terminated patterns of diameter equal to: a) 500 nm,
b) 600 nm, c) 1175 nm, d) 1300 nm, and e) 1500 nm and corresponding
Voronoi diagrams (a0–e0, respectively).
exhibits ‘‘polycrystalline’’ microdomains consisting of randomly
oriented ordered grains of sizes ranging from �500 nm to about
1mm. Thus, besides controlling the orientation of the BCP
microdomain lattice, the hexagonal-shaped chemical patterns are
also effective in suppressing the formation of grain boundaries
and increasing the grain size.

Our method provides a versatile approach to build hierarchical
structures on chemical patterns for different BCP systems.
Considering that the surface tension of poly(methylmethacrylate)
(PMMA) (31.2mNm�1) is very close to that of PS at 150 8C, we
Adv. Mater. 2010, 22, 2268–2272 � 2010 WILEY-VCH Verlag G
conjectured that similar confinement effects might occur with
PS-b-PMMA instead of PS-b-PEO. To test this possibility
we performed similar experiments using a cylinder-forming
PS-b-PMMA (Mn¼ 60 k, vPS¼ 0.74, PDI¼ 1.06) anionically
synthesized in our laboratory. Under the same film preparation
and annealing conditions, except that a benzene/hexane (50:50 v/v)
solution instead of dimethylformamide solution was applied
during spin-coating, we have obtained hierarchical structures
very similar to PS-b-PEO (see the Supporting Information,
Fig. S2). Imaging of the sample cross-section by SEM reveals that
the PMMA cylindrical microdomains on the OTS-coated regions
extend vertically throughout the film (see Fig. S4 of the
Supporting Information).

In conclusion, we have shown that chemical patterns are as
effective as topographical patterns for templating the BCP
microdomains in thin films, resulting in well-packed micro-
domain arrays with long-range order. These patterns exhibit two
surface chemistries, which promote different orientations of the
BCP microdomains, while the sharp boundaries of the pattern
template the order of the microdomains. The combined sectoring
and self-assembly provides a unique route toward the hierarchical
assembly of BCP films with long-range order. By using parallel
patterning with arrays of AFM cantilevers[33] or stamping with
large-scale conductive stamps,[34] this approach could be exploited
for the fabrication of patterned media for high-density magnetic
storage or microelectronic applications.[8]
Experimental

Surface Modification of Silicon Substrates: In a nitrogen-purged glove
box, polished silicon (100) wafers (p doped, resistivity below 100Vcm)
with their native oxide layer were immersed in a solution of OTS in toluene
(5mmol L�1) for 24 h. Afterwards, wafers were sonicated in toluene for
5min, rinsed multiple times with chloroform and cleaned with a jet of
supercritical carbon dioxide (snow jet). X-ray reflectivity, grazing incidence
X-ray scattering, FTIR, and contact-angle measurements have been used to
insure that the OTS layers are of the highest quality.

Electro-oxidation Nanolithography: An Agilent 5500 AFM that is
contained in a humidity controlled chamber was used to carry out the
electro-oxidation nanolithography. A metallic, biased contact-mode AFM
tip (MicroMasch, CSC17) was used to electrochemically oxidize the
terminal methyl groups of themonolayer on the substrate to carboxylic acid
groups under high-humidity conditions [28]. Contact-Mode AFM was
performed immediately after each patterning process to image the patterns
and confirm pattern quality.

Material, Thin Film Preparation, Thickness Measurement, and Thermal
Annealing: PS-b-PEO (Mn¼ 26.5 kgmol�1, vPS¼ 0.76, PDI¼ 1.06) was
purchased from Polymer Source Inc. and used as received. PS-b-PMMA
(Mn¼ 60 kgmol�1, vPS¼ 0.74, PDI¼ 1.06) was synthesized in lab via
anionic polymerization. Thin films were spin-cast onto the patterned
substrates from a PS-b-PEO solution in dimethylformamide and a
PS-b-PMMA solution in benzene/hexanes (1:1 v/v), respectively. A film
thickness in the range 25–30 nm, as measured by ellipsometry (Rudolf
Research), was obtained by carefully selecting the solution concentration
and the spinning rate. Subsequently, samples were annealed at 150 8C
under high vacuum for 18 h and then quenched to room temperature.

AFM Imaging of Polymer Films: Tapping-mode AFM was performed on
annealed polymer samples with a Veeco Dimension 3100 Scanning Probe
Microscope.

Contact-Angle Measurements: PS (Mn¼ 21 kg mol�1, PDI¼ 1.04) and
PEO (Mn¼ 6 kg mol�1, PDI¼ 1.05) were purchased from Polymer Source
and used as received. Thin films (from 40 to 80 nm thick) of PS and PEO
mbH & Co. KGaA, Weinheim 2271
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were prepared by spin-coating onto OTS-modified silicon substrates and
subsequently thermally annealing at 150 8C for 12 h in high vacuum. The
annealed PS and PEO films are unstable and rupture into an array of
micrometer-sized droplets, which exhibit a spherical cap shape as imaged
by tapping-mode AFM. The contact angle (u) of the droplet was estimated
according to the relationship u¼ 2arctan(H/R) where H and R are height
and radius of the droplet, respectively. The reported contact-angle values
represent an average over at least 10 measurements on different droplets.

Preparation of Samples for Cross-Sectional SEM Imaging: A large number
of circular OTS domains (sized between 0.5 and 2mm) embedded in a
hydrophilic substrate were prepared as described schematically in Fig. S3 of
the Supporting Information. A 10mgmL�1 PS (3 k) solution in a solvent
mixture of benzene/hexanes (50:50 v/v) was spin-cast at 3000 rpm onto an
OTS-coated substrate. The film was then annealed at 150 8C under vacuum
until it dewetted the OTS surface, breaking up into numerous circular PS
droplets. The substrate was then exposed to oxygen plasma for 3min to
degrade the OTS film that was not protected by the PS drops, which
rendered it hydrophilic. Subsequently, the substrate was rinsed in THF to
remove the PS drops, dried, and cleaned using snow-jet. A �30-nm-thick
PS-b-PMMA (60 k) thin film was then spin-coated on the patterned
substrate and annealed under vacuum for 20 h. The annealed film was
irradiated with UV light (5.7mWcm�2) under vacuum for 40min to
degrade the PMMA cylinders and simultaneously crosslink the PS chains.
The film was then developed in acetic acid, which removes the PMMA
cylinders leaving a porous PS template. The sample was cracked and
subsequently coated with a �3-nm-thick platinum layer by using a Gatan
High-Resolution Ion Beam Coater (Model 681) at a sample tilt angle of 458
relative to source. The cross-section of the sample was imaged using a
JEOL JSM-7001F scanning electronmicroscope and a representative image
is shown in Figure S4 of the Supporting Information.
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